We studied regional myocardial dynamics during brief, strenuous bouts of running in 12 conscious dogs by telemetry before and after partial circumflex coronary artery (CCA) constriction. Regional myocardial dimensions were measured by an ultrasonic method in a control segment (CS) and segment to be made ischemic (IS). In control runs heart rate (HR), left ventricular (LV) systolic pressure, and dP/dt increased markedly, and segment end-diastolic lengths (EDL) increased along with augmentation of regional myocardial performance. Following CCA constriction, resting hemodynamics and segment dynamics remained within the control range; during running, HR was elevated similarly to the control (approximately 280/min), but LV systolic pressure and dP/dt changes were significantly reduced. Shortening of CS did not change significantly, but IS shortening, velocity, and indices of segment power and stroke work were rapidly and markedly depressed. In two dogs, ventricular fibrillation occurred during and immediately after running. After exercise, IS shortening usually required from 5 to 10 minutes to recover to near pre-exercise levels. We conclude that when regional and total cardiac function are within the normal range at rest, strenuous exercise in the presence of coronary stenosis induces rapid, severe regional myocardial dysfunction accompanied by significant hemodynamic abnormalities and, occasionally, by sudden death. Abnormal regional wall motion during and following exercise appears to provide a specific indicator of limited coronary reserve.
However, if the myocardial oxygen demands then rose to exceed the limited coronary reserve, regional myocardial performance in the ischemic area would promptly become depressed, and if the physiological stress were severe, the regional dysfunction also would be reflected in altered hemodynamic function. The experimental preparation and procedures described were designed to test these hypotheses in conscious dogs subjected to strenuous exercise both with and without limited coronary reserve.
Methods
Adult mongrel dogs weighing between 26 and 35 kg were anesthetized with sodium pentobarbital (30 mg/kg, iv) . After a thoracotomy in the 5th left intercostal space, and with sterile surgical technique, a high fidelity pressure micromanometer (Konigsberg P-22) was inserted into the left ventricular chamber through a stab wound in the cardiac apex. Two pairs of ultrasonic crystals (diameter = 2.0 mm) were implanted in the left ventricular wall in a circumferential plane close to the endocardium, each pair being separated by about 1.0 cm, for measurement of the length of the myocardium intervening between the crystals as previously described." 1 One crystal pair was placed in the area perfused by the left circumflex coronary artery to provide a measurement of segment length in the region to be rendered ischemic, and the other pair was placed in the area supplied by the anterior descending coronary artery to serve as a normally perfused, control segment.
The left circumflex coronary artery was dissected free near its origin and a hydraulic cuff occluder made from polyvinyl tubing* was placed around it. In 12 dogs, a Doppler flow probe with 10-MHz transducers 14 was placed VOL. 42, No. 4, APRIL 1978 proximal to the hydraulic cuff. The pericardium was left open, and all wires and tubing were passed subcutaneously to the back of the dog and brought through the skin between the scapulae.
The ultrasonic technique for studying regional myocardial function employs pairs of 5-MHz crystals as described previously.'*" 13 A miniature radiotelemetry package was developed to transmit this information to the recording site. The characteristics of this instrument are the same as that of the hard-wired dimension system; the resolution is less than 0.08 mm and there is good in vivo stability (average change of end-diastolic lengths <1.0% over 10-20 days). 10 -' 3 The micromanometer was calibrated electronically against known voltages before and after each run. Before autopsy, it was calibrated in vivo against a Millar cathetertip manometer. Overall sensitivity and stability of the micromanometer also were checked against a mercury manometer both before implantation and after recovering the gauge from the dog. The zero baseline drift rate after implantation has been repeatedly found to be on the order of 10 mm Hg/month, and the sensitivity of the gauges also decreases with time, typically on the order of 5%/month. 14 Since control and experimental runs were separated by only a short interval (3 hours) , baseline and sensitivity drifts should not have affected the results.
The electronic equipment was carried by the dog in a canvas back pack. Three signals, from left ventricular pressure and two dimensions, were transmitted by an FM/ FM telemetry system 14 ' 15 in which the signals were converted to frequency analogs using millivolt voltage-controlled oscillators on 14.5, 30, and 40 kHz. The outputs of the three oscillators were combined to form a composite signal, which was transmitted by a low power 150-MHz FM transmitter with an active helical antenna. The entire system was operated with lithium pack batteries (100 mA, ± 12 V) which provided 40 hours of continuous transmission. The mobile receiving and recording station was in a van equipped with an FM communication receiver, three subcarrier discriminators, a magnetic tape recorder, and two monitoring oscilloscopes. The continuous wave (CW) Doppler flow system 16 was included to monitor the extent of partial coronary stenosis.
The studies were conducted at least 10 days after surgery, when the dogs were healthy and vigorous. Resting heart rates of each dog at the laboratory were below 90 beats/min. When the dog was transported to the running field, heart rates were often slightly higher. We were able to obtain control runs and runs during coronary stenosis at closely similar heart rates in 12 of the 14 dogs exercised. The protocol for the experiment was as follows:
The dogs were taken to an isolated canyon and allowed to stand at rest while control left ventricular pressure and two regional myocardial dimensions were recorded ( Fig.  1 ). Recordings were monitored during each experiment by two oscilloscopes; one showed the dimension in the control area and the other a length-pressure loop from the ischemic segment ( Fig. 4) , constructed from left ventricular pressure on the Y axis and dimension on the X axis." The van carrying the electronic recording equipment was then rapidly driven off. The healthy, untethered dogs chased the vehicle at a speed of 10-15 mph for approximately 2 minutes, initially over level ground and then up a grade (5°). The dogs were then monitored intermittently for 2 hours to assure full recovery from the control run. Partial coronary constriction was then induced by gradually inflating the hydraulic cuff with water while coronary blood flow was monitored. The partial constriction was fixed when the coronary blood flow had decreased to a level about 50% of control, without allowing the lengthpressure loop to close markedly or to change its rotation ( Fig. 4 )." After stable partial coronary artery constriction had been monitored for at least 5 minutes (average, 10.8 ± 1.8 minutes), the running procedure was repeated as in the control run, with the exception that the running was stopped if the loop closed completely. The level of exercise achieved in all dogs was considered moderate to severe; heart rates (HR) were elevated to over 240/min during running, and restlessness and high respiratory rate were observed for 20 minutes to 1 hour after the control run and for somewhat longer after the run during ischemia. Runs chosen for comparison were those in which the heart rates achieved were comparable, but the running speeds attained by dogs with partial coronary constriction were generally somewhat less and the running times slightly shorter than the control runs. Partial coronary constriction was maintained for at least 10 minutes after the end of run, except in the two dogs that died, one during and one immediately after running.
Data were recorded on a multichannel FM recorder and subsequently played back on a direct-writing oscillograph. 11 -13 Left ventricular pressure and two regional myocardial dimensions were recorded simultaneously. Measured data included peak systolic left ventricular and end-diastolic pressures, peak dP/dt, and diastolic and endsystolic dimensions; active regional shortening was calculated by the formula (EDL-ESL)/EDL and the result termed "percent shortening." The values for length were normalized to a 10-mm initial length by dividing the enddiastolic and end-systolic dimensions by the control enddiastolic dimensions and multiplying by 10. 10> " Other variables recorded included the first derivative of segment shortening (velocity) and analog computations of pressure times velocity and of pressure times distance shortened as indices of segment power and segment work, respectively. 11 While these computations do not constitute actual measures of regional power and work, since left ventricular pressure is used instead of regional wall force, they appear to provide useful estimates of directional changes in segment performance. 11 Dynamic length-pressure loops (X-Y plots) were photographed on Polaroid film directly from the oscilloscope.
Because the acoustical signal from the crystals cannot be monitored directly on an oscilloscope during exercise, only those preparations with technically perfect signals were used for the telemetry studies. Six dogs were thus selected for ischemic segment measurements and six for measurements in control segments. Simultaneous recording of the control and ischemic segments was available for three of the dogs.
All data points were averaged over at least 10 cardiac cycles. Statistical analysis of the difference between control exercise runs and runs with coronary constriction was conducted by a single-factor analysis of variance with repeated measures over time (Ref. 17, . Calculations by the program (Analysis of Variance with Repeated Measures Factors) were made by using an XDS SIGMA-3 computer. The statistical significance between control and ischemic runs was tested by the F ratio with a conservative method because variances were not homogeneous between groups (Ref. 17, pp. 594-598) . Regional myocardial function was analyzed statistically only until the end of the exercise period because several dogs were lost during and immediately after running. Two of the 12 dogs did not have complete hemodynamic recordings during the recovery phase, and since this conservative test requires complete data, the complete hemodynamic responses were averaged for 10 dogs. Comparisons of mean values during exercise with the resting state value for each set of runs were conducted by Dunnett's statistic.'" The levels of statistical significance were P < 0.05.
Results

Hemodynamic Responses
All hemodynamic variables changed abruptly with the onset of running ( Figs. 1 and 2 ). In the control run, HR rose from 106 to 283 beats/min, left ventricular systolic pressure (LVSP) from 120 to 175 mm Hg, and left ventricular end-diastolic pressure (LVEDP) from 9 to 17 mm Hg within 15 seconds from the start of the run. During this run, these three variables were maintained at the same high levels ( Fig. 1) , with average variations of no more than 5% (Fig. 2 ). Peak positive dP/dt also increased sharply from 3600 mm Hg/sec within 15 seconds and then increased further during running to 10,600 mm Hg/sec. Peak negative LVdP/dt also rose during maximum exercise (Table 1 ). Average exercise time was 142 ± 12 seconds.
After the left circumflex coronary artery had been partially constricted, HR was higher but LVEDP and peak LV dP/dt during the resting state were maintained at levels close to control (Figs. 1 and 2; Table 1 ). With the initiation of exercise, HR increased to a level similar to that achieved during the control run. However, LVSP and peak positive LV dP/dt, after initially rising, then tended to fall and did not reach the levels of the control run ( Fig.  1) , being 13% and 28% lower than control, respectively, during the plateau of running ( Fig. 2 ; Table 1 ). LVEDP rose to 26 mm Hg at 60 seconds, a value significantly higher than in the control run. Peak negative LV dP/dt was 17% lower than during the control run (Table 1 ). Average exercise time was somewhat reduced to 129 ± 12 seconds because the running was stopped when the loop closed completely and/or the dog could not continue to run. 
FIGURE 1 Response to exercise under normal conditions and with limited coronary reserve. Left ventricular (LV) pressure, dP/dt, regional segment length (area supplied by the circumflex coronary artery). Top panel is a control run and the bottom panel is a run in the same dog
with the circumflex coronary artery constricted. In this dog, the ischemic response was more severe than average. In the control run, HR, systolic pressure, and dP/dt increased markedly along with the elongation of diastolic segment length and increased systolic shortening. After the coronary artery was constricted, systolic pressure, dP/dt, and HR were very close to the control state at rest, but end-diastolic length was increased along with a slight reduction of systolic shortening. Within 30 seconds after the start of the run, HR, systolic pressure, and dP/dt were increased as in the control run and there was an initial increase of segment excursion; then marked reduction of systolic segment shortening and concomitant decreases of peak LVdP/dt and systolic pressure occurred. After the ischemic run, several ventricular extrasystoles can be observed. Thickened pen lines were produced for illustration purposes by adding a 300-Hz sine wave on the original trace. After the cessation of both the control run and the run during coronary constriction, HR, LVSP, LVEDP, and peak LV dP/dt dropped rapidly to near pre-exercise level; however, the recovery times were different for each hemodynamic variable (Table 1 ; Figs. 1 and 2). HR remained significantly elevated for 5 minutes, whereas LVEDP was significantly higher during stenosis only at 1 minute after the run (Table 1).
Regional Myocardial Functional Responses
Control Segments
During control runs, average EDL increased slightly throughout the exercise period ( Fig. 3, left) ; it then returned to the control length after the end of the run ( Table 2) . Percent shortening and peak circumferential shortening velocity during ejection increased significantly from 24% and 2.07 cm/sec at rest to 33% and 4.19 cm/ sec, respectively, at 15 seconds after the start of running. Concomitantly, peak power and stroke work also were markedly elevated ( Fig. 3, left) . During the entire period of running, all of these measures were maintained at a high level, with gradual further slight increments. During recovery, percent shortening, peak velocity, peak power, and stroke work gradually returned to control values in 5-10 minutes.
With partial coronary artery constriction, segment dynamics were not significantly different from the control state at rest in the control segments, and during and after running, average percent shortening, velocity, and peak power tended to be somewhat lower than during the control run. However, only the stroke work values were significantly lower during running with coronary stenosis than during the control run ( Fig. 3, left) . This was due to the fact that LVSP was significantly less during the ischemic run than during control.
Ischemic Segments
During control runs prior to coronary stenosis, the average EDL and measures of active function in segments to be rendered ischemic showed a similar pattern of response to the control segments ( Fig. 3 , right; Fig. 4 ; Table 2 ). The length-pressure loop expanded rapidly and then stayed almost constant during running without a significant change in configuration from the standing state ( Fig. 4 ).
After the control run, the average EDL recovered to the pre-exercise level within 1 minute and then increased by 1.7% at 5 and 10 minutes ( Table 2 ). Percent shortening, peak velocity, peak power, and stroke work declined to control within 3-5 minutes.
With partial coronary constriction in the resting state, percent shortening was slightly but not significantly reduced, and EDL, velocity, peak power, and stroke work also were not changed significantly. With the initiation of running, percent shortening at first increased (Figs. 1 and 4) and velocity and peak power were increased slightly but significantly at 15 seconds (Fig. 3, right) . Subsequently, however, percent shortening, velocity, peak power, and stroke work became progressively and markedly reduced as running continued (Figs. 1, 3 , right, and 4; Table 2 ). In every dog, the length-pressure loop changed markedly in its configuration from a rectangular shape to a figure of eight, concomitant with reduced loop area. In three of six dogs, the loop closed completely (Fig. 4 ).
An additional analysis of these segmental responses to exercise in the presence and absence of limited coronary reserve is shown in Figure 5 . The directional changes of segment work relative to end-diastolic segment length are shown in the panel on the left, and hypothesized shifts of the relation between systolic left ventricular pressure (as an index of afterload) and velocity of segment shortening are shown in the panel on the right.
After the run with coronary artery constriction, the average EDL increased further at 1 minute and then gradually decreased to the resting level within 10 minutes. Percent shortening was 5.9 ± 3.4% at 1 minute and then gradually recovered to 11.7%, a value 81% of the preexercise resting value at 10 minutes; peak velocity, peak power, and stroke work also returned gradually to resting control values by 5-10 minutes ( Fig. 3, right; Table 2 ), and the length-pressure loops recovered (Fig. 4 ). In the absence of coronary stenosis, the return to control of hemodynamic ( Fig. 2 ) and segmental function ( Fig. 3 , left panel) after exercise was rapid; the variables returned to control within 1-3 minutes.
Sudden Death
In 13 runs with coronary constriction in 12 dogs, two dogs died suddenly from ventricular fibrillation, one dur- 
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NS NS NS C = control run; S = running with coronary artery stenosis, P = probability between C and S; P c = probability from the resting state during control run; P s = probability from the resting state during coronary constriction; NS = not significant. ing and one immediately after running. In the dog in which fibrillation occurred during running, the lengthpressure loop was approximately 50% closed compared to the loop area prior to running, and it did not close further during running, although several premature beats occurred prior to ventricular fibrillation; in the other dog, the loop closed completely before ventricular fibrillation occurred.
Discussion
The addition of capability for telemetry to a stable, low noise ultrasound system for measuring several myocardial dimensions 1 "" 13 has permitted experimental studies on the effects of strenuous, untethered exercise on regional myocardial function before and after the production of partial coronary artery constriction. Untethered strenuous exercise was chosen to place an extreme, natural hemodynamic stress on the experimental animal 19 and thereby provide a model for exercise in man under conditions of limited coronary reserve. The major findings of this study are that: when coronary reserve is limited, marked regional dysfunction can develop extremely rapidly during brief bouts of strenuous exercise, even when function at rest is near normal, and such dysfunction can persist for several minutes after termination of the exercise; hemodynamic abnormalities accompany the regional dysfunction during exercise and sudden death is occasionally associated with such exercise-induced regional ischemia in otherwise normal dogs. Previously, we have proposed that regional myocardial dysfunction provides a very sensitive and specific measure of acute regional ischemia and perhaps is more specific than the ECG. 20 The rapidity of occurrence and severity of the observed dysfunction make this proposition likely although its confirmation will require correlations with multiple ECG leads obtained simultaneously.
Hemodynamic values were normal at rest after the production of coronary stenosis, but significant hemodynamic impairment and elevation of end-diastolic pressure occurred during exercise compared to control runs, even though there was still a marked overall increase in systolic Statistical analysis is given in Table 2 . Right panel: Serial changes in the ischemic segments during the control run (O) and after partial coronary constriction (9) . Abbreviations as above. Statistical analysis is given in Table 2 .
pressure and dP/dt compared to the resting state. Also, some hemodynamic measures after an initial increase failed to increase further during exercise, and in some experiments certain hemodynamic variables deteriorated. Such depression of hemodynamic function appears to have reflected the appearance of marked regional dysfunction during exercise. It should be pointed out, however, that the technique employed, that of sampling small segments of the myocardium for changes in function, does not allow speculation about the relative amount of ischemic tissue required to produce hemodynamic abnormalities during exercise. It seems likely that this regional ischemia resulted from increased myocardial metabolic demands in the face of limited coronary reserve as well as from coronary blood flow redistribution away from the subendocardium during exercise under conditions of partial coronary artery constriction. 9 The severity of the exercise in the present experiments undoubtedly explains the rapidity with which regional dysfunction developed and could account for the occurrence of sudden death in two dogs. The latter event is most unusual during exercise testing in patients. 21 The severity of the ischemic response in our studies, as well as the tendency of the dogs to continue running, may explain this difference. Left ventricular end-diastolic pressure rose significantly above the values in the control runs but end-diastolic segment lengths increased only slightly in the ischemic areas during exercise and the average value was not significantly above that observed during control running; this finding suggests that ventricular chamber compliance was altered or that the ventricle was operating on a steep portion of the diastolic length-pressure curve. Although segment compliance could not be calculated without data on transmural ventricular pressure and wall thickness, other studies in our laboratory have suggested that the pressure-segment length curve in an acutely ischemic segment is steeper (increased segment stiffness). 13 Some investigators have found no change in the left ventricular pressure-diameter curve during acute global ischemia with the ventricle operating on a steep portion of a normal curve, 22 whereas, in clinical studies, Dwyer 2:1 found chamber compliance to be reduced with pacing-induced ischemia. In either case, our findings suggest that the quantity of myocardium rendered ischemic during exercise was sufficient to affect the diastolic properties of the whole chamber. In addition to the elevation of LVEDP, we found significant reductions of left ventricular systolic pressure and peak LV dP/dt compared to control, indicating relative impairment of overall hemodynamic function. Effects of global left ventricular ischemia on overall cardiac function during exercise 21 were greater than those observed in the present study during partial constriction of the circumflex artery, presumably because relatively less myocardium was involved; it is of interest in this connection that, under resting conditions with partial left ventricular ischemia, the tendency for overall left ventricular function to deteriorate is compensated for by the Frank-Starling mechanism, 10> 25 whereas Lekven and Kiil 2 " found left ventricular function to deteriorate with a pressor stress only when more than 20% of the ventricle was made ischemic. That overall cardiac function was significantly impaired by regional dysfunction induced during VOL. 42 Figure 1 : left ventricular pressure, segment length, and photographs of length-pressure loops during standing, running, and recovery in the control run and the run during partial coronary constriction. The details of serial changes in the length-pressure loops from an ischemic segment during normal exercise and during exercise with coronary stenosis are shown. During the control run, LVSP rises and the length-pressure loop opens widely but without a gross change in configuration. After coronary artery constriction, the percent shortening and area of the loop at rest are somewhat reduced (14.5%) . During running (30 seconds of exercise), regional dysfunction becomes extreme, LVSP is lower, and there is a marked reduction in the area of the length-pressure loop. Reduced shortening and loop area reduction become more marked immediately after exercise, to a form similar to that occurring during coronary occlusion at rest, and then recover.
exercise, despite the marked enhancement of contractility and segment work observed in normal regions, suggests that the area of the ischemic zone was sizable. During the controls runs, which were performed in each dog to establish baselines against which to define impaired responses, hemodynamic function was enhanced to an extent similar to that previously found in normal dogs. 19 The percent increases in performance in the segments supplied by the circumflex coronary artery were somewhat less than in the control (anterior) segments prior to coronary stenosis. This could reflect differences in regional function between regions of the normal left ventricle; 27 there was no evidence at postmortem that any of the circumflex coronary arteries were stenosed by the uninflated cuff. During these control runs without ischemia, we observed increases in end-diastolic segment lengths (EDL) in many dogs compared to those existing in the control, standing state. Milder exercise has been accompanied by a reduction or no change in diastolic left ventricular dimensions, 24 -28-29 a finding probably largely related to increased sympathetic activity. Thus, diencephalic stimulation has resulted in cardiac responses similar to those that occur during mild exercise, and with exercise after propranolol, the end-diastolic size no longer decreases. 1929 - 30 Increases in left ventricular end-diastolic diameter during severe exercise were described by Vatner etal. 19 Exercise with regional ischemia produced compensatory elongation of EDL in the control segments in three of six dogs, although the average change of EDL was not statistically significant. Thus, during exercise with regional ischemia, compensatory enhancement of myocardial performance in normal regions due to the Frank-Starling mechanism was not consistently documented, although this has been shown to occur under resting conditions after complete coronary occlusions. 1011 - 25 The Frank-Starling reserve 31 seems to have been minimal during ischemia in the present study, since there was no significant elongation of control segment EDL even though the left ventricular end-diastolic pressures were higher during the ischemic runs. The average variables of function in the normal region were not significantly different from the control run except for the stroke work; factors that might account for a somewhat reduced performance in the control segment include a reduced burden on the control segment during the ischemic run compared to the control run due to lessened systemic arterial pressure, or mild depression of myocardial contractility of uncertain etiology in the control segment. 32 -33 In each experimental run, the length-pressure loop was noted to provide a useful tool for immediate detection of regional dyskinesia. The loop configuration has been employed previously for this purpose. 11 -34 Because of the complexity of complete loops, however, we limited our analysis of regional function to the ejecting phase of contraction.
ECG abnormalities during the recovery phase after exercise are an important feature of clinical ischemic heart disease, 7 ' lt>: ' 5 but regional myocardial dysfunction following exercise has not previously been defined directly. We found considerable dog-to-dog variation in the rate of recovery of regional abnormalities of function, although in six dogs ischemic segment function required at least 5 minutes to recover from the brief 2-minute bout of severe exercise. In some dogs, regional function deteriorated further following exercise, perhaps reflecting both an additional redistribution of blood flow and a reduction in sympathetic drive. From a clinical standpoint, the present studies suggest that the application of noninvasive techniques, such as gated radionuclide ventriculographic studies' 1 " or echocardiography' 7 to detect regional wall motion abnormalities, may be useful during or after exercise; such regional wall motion studies in man may provide a means of detecting latent coronary heart disease or of quantifying manifest disease which will surpass and/or complement the reliability and specificity of exercise electrocardiography. 71 -u Our data showing overall hemodynamic impairment during exercise further suggest that studies designed to carefully characterize normal and abnormal blood pressure responses to exercise in man 38 " 1 " may add to the diagnostic capability of exercise testing. not been studied previously and is the subject of this investigation. We hypothesized that the activity of this pressor system might be increased, since renin secretion is stimulated by the sympathetic nervous system 5 " 9 and since plasma renin activity is elevated by psychosocial stress in rats, 10 baboons," and man. 12
Methods
The strain of CBA Agouti mice used in these experiments has been bred in the U.S.C. Laboratories for 20 years; the details of husbandry have been described previously .'• 2 The young remained with their parents until they were weaned at 18-21 days. After weaning, all mice (except as noted below) were fed a standard commercial diet containing 1% NaCl (Purina Lab Chow). In other studies carried out under identical conditions (unpublished observations), it was found that food intake was the same
